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It has been suggested that anergic T cells may not be only inert
cells but may rather play an active role, for example by regu-
lating immune responses. We have previously reported the
existence of "“anergic’’ IL-10-producing CD4* T cells generated
in vivo by continuous antigenic stimulation. Using a gene trans-
fer system where the antigen recognized by such T cells is
expressed in skeletal muscle by two different DNA viral vectors,
we show that these cells not only remain tolerant toward their
cognate antigen but also can suppress the immune response of
naive T cells against the immunogenic adenoviral proteins.
Furthermore, they can completely inhibit tissue destruction that
takes place as a result of an immune response. The system
presented here is unique in that the T cells have been anergized
in vivo, their antigen specificity and functional status are known,
and the amount, form, and timing of antigen expression can be
manipulated. This model will therefore permit us to carefully
dissect the mechanisms by which these anergic T cells regulate
the priming and/or effector function of naive T cells.

Central deletion plays an essential role in tolerance induc-
tion toward thymus-expressed and circulating proteins (1,
2) and even toward some antigens that were thought to be
tissue-restricted (3). However, it is not the only mechanism of
immune tolerance. Mature T cells need to be tolerized toward
tissue-restricted antigens that are not present in sufficient
quantity in the thymus. An increasing number of experiments
have demonstrated that, in vivo, tissue-specific proteins can be
crosspresented by neighboring antigen-presenting cells
(APCs) that can then, depending on largely undefined param-
eters, prime (4-7) or tolerize (8-12) MHC class I and II
restricted antigen-specific T cells. In some in vivo models
of peripheral tolerance induction, it has been found that
anergic T cells secrete significant levels of IL-10 (13, 14), a
cytokine known for its immunoregulatory function (15-18).
Nevertheless, it was not clear whether such in vivo anergized
cells could exert an immunoregulatory function on naive
T cells. CD4"CD25*% (19, 20), CD4"CD62LPeh (21), and
CD4"CD45RB!Y cells (22), generated in mice under physio-
logical conditions, have been shown to regulate certain auto-
immune responses and, in some cases, appear to do so in an
IL-10-dependent manner (23). However, such populations
consist of heterogenous cells, and it is difficult to pinpoint their
antigen specificity. In the present study, we have used T cells
that express a MHC class II-restricted T cell antigen receptor
(TCR) specific for the influenza hemagglutinin (HA) that
were generated in mice where the antigen is present on
hemopoietic cells (24). The CD4" cells expressing high levels
of the transgenic TCR (detected by the 6.5 mAb) are “anergic”
in terms of in vitro-induced proliferation but exhibit activation
markers and secrete significant levels of IL-10 (14). To study
a regulatory function of these cells, we have exploited a gene
transfer system in which HA is targeted to the skeletal muscle.
This was done by using two different viral vectors: a recom-
binant adeno-associated virus (rAAV) exclusively expressing
the HA-transgene (25, 26) and eliciting an HA-specific im-
mune response through uptake of the protein by surround-
ing APCs (27-30); the second vector consisted of a recombi-
nant El-deleted adenovirus (rAd) that expresses, besides
the HA transgene, several highly immunogenic viral proteins

8738-8743 | PNAS | July 17,2001 | vol.98 | no.15

and that elicits immune responses directed against the HA
as well as adenoviral epitopes. Both vectors can induce
immune responses that led to destruction of transduced muscle
fibers (31-33). This system allowed us to study the effect
of the “anergic” HA-specific CD4" T cells on the immune
response toward the HA protein alone (rAAV-HA vectors) or
toward the HA protein and the adenoviral proteins (rAd-HA
vectors).

Materials and Methods

Mice. TCR-HA mice, IG-HA mice, and TCR-HA X IG-HA
mice, previously described (24, 34), are on the BALB/c back-
ground and were bred in our animal facility at Institut Necker.
BALB/c and BALB/c nude mice were purchased from Iffa/
Credo.

Recombinant Virus Vectors. The rAd-HA and rAAV-HA vectors
were prepared as described (30) and injected i.m. in a volume of
25 pl into the tibialis anterior of anesthetized mice. rAdLacZ
described in Jooss et al. (33) was injected i.v. into BALB/c or
TCR-HA X IG-HA mice.

Histology. Frozen muscle sections were fixed in acetone and
incubated with biotinylated H37/38 mADb, directed against a
conformational epitope of HA (35) (kindly provided by Walther
Gerhard, Wistar Institute, Philadelphia) in PBS/2% goat serum,
washed, and incubated in avidin-biotin-chromagen solution
(Vector Laboratories). The slides were revealed in diaminobin-
zidine (DAB fast, Sigma) and counterstained with methyl green
or hematoxylin.

Antiadenoviral Cytotoxic Assay. The cytotoxic T lymphocyte assay
was done as previously described (33).

Adoptive Transfers. Total lymph node cells from a TCR-HA
RAG™/~ mouse were used as source of naive HA-specific T
cells. Staining of these cells with CD4-PE and 6.5-Fluos (mAb
specific for the transgenic TCR) revealed that 80% of total
lymph node cells were CD4%6.5%. These cells (2 X 10°) were
injected into BALB/c nude recipients. Some of these recipi-
ents received also “anergic” HA-specific T cells. For this,
splenocytes from 3- to 4-month-old TCR-HA X IG-HA mice
were partially depleted of sIg* cells by using Dynabeads
(Dynal, Oslo). Splenocytes (25 X 10°) (of which 4% were
CD4%6.5") were coinjected to achieve a 5:1 ratio of “anergic”/
naive T cells. Five days after the transfer, recipients were
injected i.m. with rAd-HA or rAAV-HA vectors. Muscles were
harvested 27 days after vector administration and tested for
persistence of HA expression.
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Fig. 1.

Persistence of gene expression after rAAV-HA- but not rAd-HA-mediated gene transfer in IG-HA transgenic mice. The tibialis anterior muscle of BALB/c

(A and B) or IG-HA (C and D) mice was injected with rAAV-HA (1 X 10" particles) (A and C) or rAd-HA (2.5 X 1010 particles) (B and D). Muscles were isolated 27
days after vector administration and frozen sections tested for HA expression. Sections were counterstained with methyl green. (xX200.)

Results

HA-Specific Tolerance Results in Stable Gene Expression of rAAV-HA
but Not rAd-HA Vectors. Vector-mediated gene transfer to skeletal
muscle leading to the expression of membrane-bound HA in the
muscle fibers of BALB/c mice results in the induction of an
immune response directed toward the HA protein and the viral
backbone in the case of adenoviral vectors (rAd-HA) and
exclusively toward the HA protein in the case of rAAV-HA
vectors (30). In both cases, the immune response leads to muscle
fiber destruction. Using TCR transgenic mice, we could deter-
mine that T cell priming was a very local event that occurred in
the lymph nodes draining the injected leg and was because of
crosspresentation of antigenic material by surrounding APCs.
To test whether T cell tolerance resulting from ubiquitous
expression of HA would prevent muscle fiber destruction after
rAd-HA- or rAAV-HA-mediated gene transfer, we tested the
immune response to both viral vectors in IG-HA transgenic
mice. These mice express the HA antigen under the Igk pro-
moter and enhancer, leading to HA expression on circulating
hemopoietic cells (34). As shown in Fig. 1, BALB/c control mice
injected with rAAV-HA vector showed muscle fiber destruction
(Fig. 14), whereas IG-HA mice showed stable gene expression
27 days after vector administration (Fig. 1C). In contrast, both
BALB/c and IG-HA mice showed muscle fiber destruction
when injected with rAd-HA vectors, as early as 7 days after
vector administration (Fig. 1 B and D). These results show that
IG-HA mice, although tolerant to HA, still respond to the
adenoviral proteins, resulting in tissue destruction. Tolerance to
HA does not seem to be broken in IG-HA mice on rAd-HA
administration: in one experiment in which IG-HA mice re-
ceived rAd-HA in the left leg and rAAV-HA in the right leg,
tissue destruction was observed only in the left leg (data not
shown). These results indicate that expression of a self protein
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by viral vectors that is also expressed elsewhere in the body will
not result in an immune response unless the vector itself is
immunogenic.

Regulation of Inmune Responses in TCR-HA Transgenic Mice. TCR-
HA X IG-HA double transgenic mice express HA on the
hemopoietic cells and a class II-restricted HA-specific TCR. In
these mice, despite efficient thymic deletion of T cells expressing
high levels of the HA-specific TCR, a significant number of cells
with the transgenic TCR can be found in the spleen and lymph
nodes, and their percentage among CD4 T cells, determined by
flow cytometry with CD4 and 6.5 antibodies, increases with the
age of the mouse up to 15% of all CD4* T cells. These cells are
“anergic” in terms of proliferation (24) but exhibit an activated
phenotype in vivo and secrete significant amounts of IL-10 (14),
suggesting that these “anergic” cells could in fact act as regu-
latory T cells. These cells are heterogenous in that up to 30% in
lymph nodes and up to 20% in spleen express CD25. All of these
cells have down-regulated CD45RB when compared with naive
cells with the same specificity. Intramuscular gene transfer in
these double transgenic TCR-HA X IG-HA mice was per-
formed to determine the effect of high numbers of “anergic”
HA-specific T cells on the immune response directed to the
adenoviral proteins as well as to the HA protein. As can be seen
in Fig. 2, TCR-HA X IG-HA mice that received rAAV-HA
showed stable expression of HA 27 days after gene transfer (Fig.
2C), similar to what was observed in IG-HA animals (Fig. 1C).
Surprisingly, muscles of TCR-HA X IG-HA mice having re-
ceived rAd-HA also showed stable gene expression and no
infiltration at both early (not shown) and late timepoints (Fig.
2D). As expected, TCR-HA single transgenic control mice
showed a strong response with both viral vectors (Fig. 2 A and
B). The histology results shown in Figs. 1 and 2 are summarized
in Table 1.
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Fig. 2.

Persistence of gene expression with both rAAV-HA and rAd-HA vectors in TCR-HA X 1G-HA transgenic mice. TCR-HA (A and B) or TCR-HA X IG-HA (C

and D) mice were injected with rAAV-HA (1 X 10'" particles) (A and C) or rAd-HA (2.5 X 10'° particles) (B and D). Muscles were isolated 5 (A) or 17 days (B) after
vector administration and frozen sections tested for HA expression. Sections were counterstained with hematoxylin/eosin. The differences in HA staining
observed between rAAV and rAd viral vectors result from the different efficiency of these vectors in transducing muscle fibers: rAAV vectors are highly tropic
for muscle and, with the amounts injected in this study, generally result in the homogenous transduction of 60-75% of muscle fibers, whereas rAd-HA vectors
are less efficient in transducing muscle fibers of animals that age and result in a more “‘patchwork-like" staining profile. (x200.)

That rAd-HA gene transfer is stable in TCR-HA X IG-HA
mice but not in IG-HA mice could have different explanations:
(7) the absence of an antiadenoviral T cell repertoire because
of the introduction of the transgenic TCR in the TCR-HA X
IG-HA mice; (ii) a deficiency in the priming capacity of the
APCs of TCR-HA X IG-HA mice; or (iii) suppression of the
adenoviral-specific T cell response by high numbers of “an-
ergic” HA-specific T cells because of the high frequency of
anergic T cells with the transgenic TCR. A similarly high
frequency of anergic T cells would not be expected in IG-HA
transgenic mice because of the low frequency of HA-specific
T cells in such mice. To address the first two possibilities, we
tested the capacity of TCR-HA X IG-HA mice to mount a
cytotoxic response against adenoviral proteins. As can be seen
in Fig. 3, the cytotoxic response against the adenoviral back-

Table 1. Immune response to rAAV-HA or rAd-HA vectors in
different mice

Injected mouse Vector Target cell destruction Day
BALB/c rAAV-HA Yes 27
rAd-HA Yes 7
TCR-HA rAAV-HA Yes 7
rAd-HA Yes 5
IG-HA rAAV-HA No *
rAd-HA Yes 7
TCR-HA X IG-HA rAAV-HA No *
rAd-HA No *

A summary of the histology data presented in Figs. 1 and 2.
*HA expression was stable by day 27.
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bone was equally strong in control BALB/c (Fig. 3 Upper) and
TCR-HA X IG-HA (Fig. 3 Lower) mice that were injected with
a recombinant adenoviral vector expressing the Escherichia
coli B-galactosidase protein 8 days before the assay. This assay
measures a class I-restricted response, but it has been shown
that antiadenoviral responses need class I help (36), therefore
it is likely that the class II-restricted antiviral repertoire is not
significantly impaired in the transgenic mice. These results
show that TCR-HA X IG-HA mice contain APCs that can
efficiently prime T cells toward adenoviral proteins, and that
they possess a significant antiadenoviral T cell repertoire.
Thus, the absence of an immune response toward the adeno-
viral backbone in TCR-HA X IG-HA mice is likely to depend
on a regulatory function of the large numbers of “anergic”
HA-specific T cells.

Cotransfer of “Anergic” T Cells Inhibits Tissue Destruction by Naive T
Cells. To confirm that the “anergic” T cells in the TCR-HA X
IG-HA mice were acting as regulatory T cells, we tested their
ability to abrogate the immune response of naive TCR-HA
cells toward muscle fibers expressing recombinant vector-
encoded HA. For this, nu/nu BALB/c mice (deficient in T
cells) were transferred with 2 X 10> naive monospecific
TCR-HA cells from a TCR-HA RAG™/~ mouse and with
T-cell-enriched splenocytes from TCR-HA X IG-HA mice
containing 10 CD4*TCR-HAMg" cells. Control mice received
naive TCR-HA cells only. Four days after adoptive transfer,
recipients received either of the recombinant viral vectors
(rAd-HA or rAAV-HA) into the tibialis anterior muscle, and
28 days later, muscles were prepared, and frozen sections were
tested for HA expression and T cell infiltration. As can be seen
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Fig. 3. Induction of an adenoviral-specific cytotoxic T cell response in
TCR-HA X IG-HA and BALB/c mice. BALB/c (A) and TCR-HA X 1G-HA (B) mice
were injected i.v. with rAd-LacZ (1 X 10" particles) and splenocytes harvested
8 days after vector administration. The cells were restimulated in vitro for 5
days with rAd-LacZ and tested for specific lysis on syngeneic target cells
(KD2SV). Target cells were uninfected (Mock, squares) or infected with Ad-
LacZ (Ad-LacZ, triangles).

in Fig. 4, the immune response toward HA-expressing muscle
fibers observed in recipient mice transferred with naive T cells
only (Fig. 4 A and B) was completely inhibited by cotransfer
of the “anergic” TCR-HA T cells. This immune-suppressive
effect was observed with both rAd-HA (Fig. 4C) and
rAAV-HA (Fig. 4D) viral vectors. No suppressive effect was
observed on cotransfer of naive TCR-HA cells with T cell-
enriched splenocytes from an IG-HA mouse (data not shown).
Thus, these results indicate that the “anergic” T cells that
develop and accumulate in TCR-HA X IG-HA mice can
indeed act as regulatory T cells and inhibit immune responses
toward recombinant vector-encoded HA as well as toward
adenoviral proteins.

Discussion

The possibility has been suggested that “anergic” CD4" T
cells, which accumulate in vivo when antigen is expressed in
hemopoietic tissue, may have an active immunoregulatory role
in vivo rather than being inert cells, but this possibility has been
difficult to prove. In the present study, we have analyzed the
immune response toward a viral vector-encoded protein, HA,
in mice containing HA-specific MHC class II-restricted T cells
that have been anergized in vivo by hemopoietic cells express-
ing the HA protein. We found that expression of HA by a viral
vector in the muscle leads to stable gene expression, also when
the number of antigen-specific T cells with HA-specific TCRs
is artificially high, as is the case of TCR-HA X IG-HA mice.
That there was no overt immune response against viral vector-
encoded HA in the TCR-HA X IG-HA mice is interesting,
because it was previously shown that these double transgenic
mice contain in the periphery T cells that express two «BTCRs
at the cell surface, enabling them to escape thymic and
peripheral deletion, and cause diabetes when isolated and
transferred into immunodeficient mice that express HA on
pancreatic B cells (37). The reason why the same cells did not
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cause destruction of HA-expressing muscle fibers in TCR-
HA X IG-HA double transgenic mice could be that they are
held in check by the “anergic” immunoregulatory cells with
high levels of the transgenic TCR. This hypothesis is supported
by the finding that there is a striking difference between
IG-HA and TCR-HA X IG-HA mice with regard to the
immune response that is induced on rAd-HA administration.
Although the former mice mounted an immune response
toward the adenoviral proteins resulting in tissue destruction,
the latter showed stable gene expression and absence of
lymphocyte infiltration even at late timepoints. The latter mice
contain high numbers of T cells expressing high levels of the
HA-specific TCR that are “anergic” in terms of proliferation
but produce IL-10 (14), which has been reported to represent
an immunoregulatory cytokine and has been found associated
with in vivo tolerance induction in other models (13, 20, 38, 39).
These results suggested, therefore, that these “anergic” T cells,
which, because of the transgenic TCR-HA, are present in high
numbers in TCR-HA X IG-HA but not in IG-HA mice, had
suppressed the adenoviral-specific T cells. Whether the regu-
latory HA-specific T cells were recruited to the same site as the
adenovirus-specific T cells and thus suppressed their response
remains to be formally proven but is a likely possibility, as
TCR-HA X IG-HA mice injected with a rAd vector expressing
B-gal exhibited tissue destruction comparable to that observed
in TCR-HA mice (data not shown). Because the T cell priming
to the virally encoded antigen occurs in the draining lymph
nodes by APCs that present the antigenic material (30), it is
possible that the HA-specific T cells regulate the adenovirus-
specific T cells because of close proximity when recognizing
antigen on the same APC. The possibility that the “anergic”
T cells are acting indirectly by reducing the expression of
costimulatory molecules and cytokines of local APCs (15, 40)
cannot be ruled out. The cotransfer experiments of “anergic”
and naive T cells into nude recipients confirm that the former
can act as regulatory cells and inhibit the destruction of
HA-expressing muscle fibers by the naive T cells. The regu-
latory capacity of these anergic T cells is long-lived because
even in mice cotransferred 2 months before vector adminis-
tration, no immune response toward rAd-HA was observed
(data not shown). Even though we enriched for T cells, in
the cotransfer experiments, some HA-expressing hematopoi-
etic cells could have been transferred and could be contrib-
uting to the maintenance of the regulatory capacity of the
“anergic” T cells, because in other systems it has been reported
that antigen needs to be present to maintain anergy (41, 42).
As one would expect, a certain ratio of “anergic”/naive cells
is required because transfer of the former into immunocom-
petent BALB/c mice was not sufficient to suppress an immune
response toward rAd-HA (not shown).

The mechanisms and molecules involved in such immune
regulation remain to be determined. In our system, despite the
fact that the “anergic” HA-specific T cells secrete IL-10, their
regulatory role does not seem to depend exclusively on such
cytokine: continuous administration of high quantities of the
anti-IL-10 receptor neutralizing antibody, 1B1.3a (43), into
TCR-HA X IG-HA mice injected with rAd-HA or rAAV-HA
(0.5 mg i.p. every other day from day —1 to day 15 after viral
vector administration) did not result in breakdown of tolerance
and tissue destruction (data not shown). Transforming growth
factor-B (TGF-pB) could also be involved in such immunoregu-
lation (22), although the HA-specific “anergic” cells were not
found to express significantly more TGF-B mRNA than naive
cells (unpublished results). However, TGF-B mRNA levels do
not always correlate with TGF-B activity. The immunoregu-
latory molecules CTLA4 and PD1 are expressed at very high
levels in the cytoplasm and cell membrane, respectively, of
these “anergic” T cells (44) and could play an important role
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Fig. 4.

Regulation of the HA-specific immune response by cotransfer of “anergic’” and naive HA-specific T cells. Naive TCR-HA cells (2 X 10°) obtained from the

lymph nodes of RAG™~ TCR-HA mice were injected i.v. into nu/nu BALB/c recipients. Some of the recipients also received a 5-fold amount (10°) of “anergic”
TCR-HA cells obtained from the spleen of 3- to 4-month-old TCR-HA X IG-HA mice, as described in Materials and Methods. Five days after the adoptive transfer,
recipients that received naive cells alone (A and B) or naive plus anergic cells (C and D) were injected i.m. with rAAV-HA (A and C) or rAd-HA (B and D) vectors.
Muscles were isolated 27 days after vector administration, and frozen sections were tested for HA expression. (x200.)

in the function of these cells. In fact, it has recently been
reported that blocking of CTLA4 inhibits the regulatory
function of CD4*CD25* T cells in inflammatory bowel disease
(45, 46). PD1, a receptor that shares 23% identity with CTLA4
(47), has been shown to down-regulate immune responses, its
loss leading to breakdown of peripheral tolerance (48). The
adoptive transfer system we describe in the present study will
permit determination of the role of these and other molecules
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